between TFR and the preceding DI during complex behavior differed from that obtained using a standard restitution protocol. In particular, higher-order periodicities and chaos were produced in fibers in which the restitution curve lacked the prerequisites for such behavior. To investigate whether shifts in the restitution curve might be expected during rapid pacing, the relationship between TFR of a test response (TFR,+ 1 ) and the immediately preceding response (TFR,) was determined.
For any fixed DI,, reduction of TFR, from 240 to 130 ms was accompanied by a corresponding reduction of TFR,+ 1, whereas as TFR,, was reduced further to 120 ms, TFR,,+ 1 increased. Because of the dependence of TFR, + 1 on TFR,, (memory) and on the preceding DI,, (restitution), the slope of the low-dimensional relationship between TFR,, + 1 and DI, at a constant pacing cycle length depended on the slopes of the restitution and memory functions. These results suggest that rapid accumulation and dissipation of memory may contribute importantly to complex electrical behavior in cardiac tissue. ventricular arrhythmias; nonlinear dynamics; chaos IT HAS BEEN PROPOSED that several modes of complex cardiac electrical activity, including seemingly random behavior, may reflect a simple, low-dimensional deterministic mechanism (3-5, 11, 13, 15, 20, 24, 25). In particular, certain action potential characteristics are known to undergo period-doubling bifurcations that culminate in chaotic dynamics (3, 5, 19, 24) , where chaos is defined as aperiodic activity that arises in a dynamical system as a result of a deterministic mechanism that has sensitive dependence on initial conditions (12, 21). The periodic and aperiodic (i.e., chaotic) cellular electrical activities are caused by reciprocal interactions between the time to full repolarization, which is the sum of the latency to activation and the duration of the action potential, and the diastolic interval between action potentials (3). The relationship between diastolic interval and time to full repolarization is known as the restitution relation (1, 2, 7). For higher-order period doubling and chaos to occur, the restitution relation must have a region of slope ~1, where action potential duration increases rapidly with small increases in the diastolic interval, and a region of negative slope, where time to full repolarization increases as the diastolic interval is shortened, secondary to increased latency (3).
In recent experiments, we have found that higherorder periodicities and chaos can occur in cardiac Purkinje fibers, the restitution relation of which, when determined using standard protocols (l), has a slope ~1. Because the slope of the restitution relation is known to depend on the pacing cycle length and duration of pacing ("memory") (1, 2, 7, 14), we investigated whether memory might induce dynamic alterations of the relationship between action potential duration and diastolic interval that permit chaotic behavior. The results of the study suggest that rapid accumulation and dissipation of memory contribute importantly to the development of nonlinear electrical behavior in cardiac Purkinje fibers.
MATERIALS AND METHODS
Adult dogs of either sex (n = 18) were anesthetized with pentobarbital sodium (390 mg/ml, 86 mg/kg iv; Fatal-Plus, Vortex Pharmaceuticals), and their hearts were excised rapidly and placed in cool Tyrode solution. Free-running lo-to 20-mm-long and 2-to 4-mm-wide cardiac Purkinje fibers (n = 20) were obtained from either ventricle. The fibers were mounted in a Plexiglas chamber and superfused with normal Tyrode solution at a rate of 15 ml/min. The Tyrode solution was bubbled with 95% 025% C02. The PO, was 400-600 mmHg, the pH was 7.35 t 0.05, and the temperature was 37.0 ? 0.5"C. The composition of the Tyrode solution (in mM) was 0.5 MgCla, 0.9 NaHZP04, 2.0 CaC12, 137.0 NaCl, 24.0 NaHC03, 4.0 KCl, and 5.5 glucose. In some experiments the KC1 concentration was 2.7 mM. To avoid the possibility that supernormality might contribute to the results when KC1 was 2.7 mM (4), the fibers were stimulated at a current intensity of two to three times the diastolic threshold.
Stimulus duration was constant at 2 ms. There were no qualitative differences between the results obtained using KC1 concentrations of 4.0 and 2.7 mM, and the data were pooled for analysis.
Initially, the fibers were stimulated at a basic cycle length of 500 ms, and transmembrane recordings were obtained using standard techniques, as described previously (9). Microelectrode recordings were obtained from sites located within l-3 mm of the bipolar stimulating electrode, which was placed near the middle of the fiber. Typically, the site of impalement was midway between the poles of the stimulating electrode (which were 1 mm apart) to minimize the stimulus artifact and the effects of current polarity. If the dynamics were influenced significantly by switching the stimulus polarity, the experiment was discarded. The steady-state relationships between pacing cycle length and the amplitude and duration of the cellular response to a given stimulus were determined by shortening the pacing cycle length from 500 ms to the cycle length at which 2:l responses occurred. All responses to stimuli that exceeded 0 mV in amplitude, relative to the take-off potential, were included in the analysis. To avoid potential errors in the estimation of response duration using such a method, the take-off potential, defined as the membrane voltage at the moment of the delivery of the stimulus, was used as an index of the response duration.
As validated previously (25), the more negative the take-off potential, the shorter was the previous response duration for diastolic intervals CO.
To determine the time course of restitution of response amplitude, latency, and response duration, the fibers were stimulated using trains of 20 stimuli delivered at a basic cycle length (Sl-Sl) of 300 ms. This cycle length was used because it was the shortest cycle length at which no alternation of response duration occurred in any of the fibers. Consequently, the effects of memory during rapid pacing could be approximated without the confounding effects of alternating response durations occurring before the delivery of the premature stimulus.
After the last stimulus of the train, the diastolic interval was scanned using a single premature stimulus (S2) (9). The duration of the response to S2 was measured at 90% of repolarization and was plotted as a function of the diastolic interval, where the diastolic interval equaled the Sl-S2 interval minus the duration of the response to the last Sl stimulus.
To determine the influence of the preceding response duration on the duration of a test response, the restitution of response duration after S2 was determined by fixing the Sl-S2 interval (at 180-500 ms for any given trial) and delivering a second premature stimulus (S3) at S2-S3 intervals of 100-300 ms. In addition, the relationship between the diastolic interval after S2 and the duration of the response to S3 was determined by varying the Sl-S2 interval from 180 to 300 ms at a constant Sl-Sl interval (300 ms) and S2-S3 An example of period-doubling bifurcations of response amplitude and duration is shown in Fig. 1 . replaced by 4:4 and, finally, by 2:1 locking, as shown in Fig. 3 , which contains the complete bifurcation diagram and samples of the time series for the fiber shown in Fig. 1 .
From previous studies (3,12) it was expected that the sequence of response durations (RD) during periodic pacing could be approximated from the relationship
where LAT is the latency between the delivery of the stimulus and the upstroke of the response and DI is the diastolic interval. The relationship between RD and RD + LAT [the time to full repolarization (TFR)] and the preceding DI (DI,), as determined using the standard restitution protocol, is shown in Fig. 4 . As the DI was shortened from 10 to -55 ms, RD decreased, as did TFR. As the DI was reduced to less than -55 ms, RD continued to decrease, whereas TFR increased, until, at a DI of -80 ms, it decreased precipitously.
The very short TFR corresponded to a subthreshold response. Influence of memory on the restitution of RD. Although the restitution relations for RD and TFR shown in Fig. 4 con tained non monotonic regions and regions of steep slope, the slopes of the latter were cl. According to previous studies of cardiac Purkinje fibers (3) and other low-dimensional dynamical systems (8, 16), such a relation should not be able to support higher-order periodic or aperiodic behavior.
To determine whether a steepening of the TFRresti tution relation migh t occur secondary to accumulation and dissipation of memory, the infl uence of the preceding TFR (TFR,,) on succeeding TFR (TFR, + 1) was determined in six Purkinje fibers. Our hypothesis was that any given TFR was a function of DI,, and TWl.1 = f (DI,,, TFR,,)
With memory present, it would not be possible to determine the sequence of TFR during higher-order periodic or aperiodic behavior from a single restitution curve, for if the TFR, were different one to the next, different restitution curves would need to be used for each excitation. However, for the case of constant pacing, the problem can be reduced to a unidimensional map, in that constant pacing imposes the condition DL = BCL -TFR,,
in which BCL is a constant. When this relationship is substituted into Eq. 2, TFR,,+ 1 is solely a function of TFR,. Alternatively, we can cast Eq. 2 in the form of a "generalized" restitution function TFR, + i(DI,>, appro- It is possible, therefore, for the slope of the unidimensional map to be >l, even though none of the restitution curves has a slope > 1, provided the slope of the memory term is negative. Conversely, the slope of the unidimensional map may be less than any of the slopes of the restitution curves, if the memory term is positive.
The generalized restitution function may be visualized as a three-dimensional surface, as illustrated in For any given BCL, a diagonal cross section of the surface shown in Fig. 5 represents the The curve representing the function may be viewed by looking from the right (in from the positive TFR,, axis) in Fig. 5 . With this perspective, the traces in Fig. 6 were obtained. 
MEMORY AND COMPLEX DYNAMICS
The influence of memory on the low-dimensional map can be seen from Fig. 6 . In the range of DI from 10 to 30 ms, the slope of the ascending portion of the map is steeper than the slopes of the restitution curves. This result is expected, given that these relatively long DI were accompanied by short TFR, according to Eq. 3. For short TFR,, the slope of the memory function is negative (Fig. 5) , which, according to Eq. 4, will increase the slope of the map.
Over a range of shorter DI (from 0 to 10 ms), the slope of the unidimensional map is less steep than that of the restitution curves. The shorter DI were preceded by longer TFR,. Given the positive slope of the memory function for this range of TFR, (Fig. 5) , the slope of the map will be less positive than that predicted from restitution alone (Eq. 4). As the DI is shortened further from -15 to -30 ms, the slope of the map becomes negative. Over this range of DI, restitution has a negative slope and the memory function has a positive slope because of the long preceding TFR,. Subtraction of the positive slope of the memory function from the negative slope of the restitution function (Eq. 4) generates a more negative slope of the unidimensional map than would result from restitution alone. The characteristics of the unidimensional map derived from three-dimensional surfaces of the type shown in Fig. 5 were confirmed experimentally in six Purkinje fibers by varying the Sl-S2 interval at a fixed S&S3 interval, i.e., at a fixed BCL (Eq. 3). As shown in Fig.  7A , the experimentally determined unidimensional map (S3 TFR) and restitution curve (SZ TFR) clearly resembled the unidimensional map and restitution curves derived from the three-dimensional surfaces (Fig. 6 , dark and light lines, respectively).
In addition, as shown in Fig. 7B , there was not a one-to-one correspondence between the SZ TFR and the S3 TFR, indicating that the S3 TFR was not uniquely determined by the S2 TFR.
Role of memory in the induction of higher-dimensional nonlinear behavior. To determine whether the periodic and aperiodic behavior of the type shown in Fig. 1 derived from a low-dimensional mechanism, first return plots for response amplitude and take-off potential were generated.
Return plots for stimulus-toresponse ratios of l:l, 2:2, and 4:4 indicated that response amplitude and RD varied within a fixed set of values along a unidimensional map (not shown). During higher-order periodic behavior (e.g., period 8; Fig. 8 , A and B), RD and response amplitude also alternated sequentially within a fixed set of values, but the values did not lie along a unidimensional map. During aperiodic behavior, RD and response amplitude varied over a wider range of values but were confined to attractors having characteristics similar to the attractors for the periodic behavior (Fig. 8, C and 0 The influence of memory on the low-dimensional map and, therefore, on rate-related alterations of cellular electrical behavior varied as a function of the diastolic interval.
Memory induced a steepening of the positive and negative slope regions of restitution at long and at short diastolic intervals, respectively, effects that would be expected to facilitate the development of complex dynamics by creating unstable fixed points. Conversely, memory tended to induce a flattening of restitution at intermediate diastolic intervals and to smooth the normally sharp transition from the negative slope region to the region of positive slope at short diastolic intervals.
Such reductions of slope might create stable fixed points that ordinarily would not exist on the restitution curve. In fact, a region of 1:l locking at very short pacing cycle lengths was observed in three of the preparations.
The development of complex dynamics was contingent on the presence of responses having short time to full repolarizations.
In the absence of such responses, the slope of the memory function was uniformly positive, which reduced the slope of the low-dimensional map at long diastolic intervals.
In addition, the negatively and positively sloped regions of the restitution curve at short diastolic intervals, which provided the critical points in the map, did not exist.
Short-duration responses, when coupled with long latencies, also were at least partly responsible for the lack of a unidimensional attractor during higher-order periodic and aperiodic activity. Because two responses could have the same time to full repolarization but different combinations of response duration and la- Fiber was the same as that used in Fig. 1. tency, their subsequent memory-mediated effects differed (Fig. 7) . Accordingly, the time to full repolarization that incorporated the longer latency was followed by the longer response. The failure of a given time to full repolarization to uniquely determine the next time to full repolarization was reflected by the lack of a unidimensional return map during chaotic dynamics. Lack of a unidimensional attractor during complex behavior also may have occurred because the influence of memory on the low-dimensional map was not limited to the immediately preceding action potential. Previous studies by Boyett and Jewel1 (2) and by others (7, 14) have described a long-term memory component in ventricular tissue, having a time constant on the order of seconds. A memory or "fatigue" phenomenon also contributes importantly to the electrical behavior of the atrioventricular node (22, 23). Accumulation of longterm memory has been shown to suppress chaotic behavior in Purkinje fibers, when such behavior is initiated by pacing at relatively long cycle lengths after a period of quiescence (4). However, we studied the dynamics that occurred after sustained periods of continuous pacing and sequential shortening of the pacing cycle length. Consequently, it is likely that accumulation and dissipation of long-term memory stabilized at each cycle length and did not contribute significantly to the rate-dependent changes in dynamics. The results of a recent modeling study (17) suggest that short-term and intermediate-term memory (having time constants of 50 and 400 ms, respectively) may account for the higher-dimensional complex dynamics observed in our experiments.
In the modeling study the
